Background: Vascular calcification (VC) contributes to high mortality rates in chronic kidney disease (CKD). High serum phosphate and FGF23 levels and impaired phosphaturic response to FGF23 may affect VC. Therefore, their relative contribution to abdominal aortic calcification (AAC) was examined in patients CKD stages 3-4.
Background
Cardiovascular disease is the main cause of mortality in chronic kidney disease (CKD) patients [1] [2] [3] [4] and vascular calcification (VC) is a critical contributor to the progression of vascular lesions [5] [6] [7] . For decades, therapy has been directed to correct abnormalities in phosphate, calcium, and vitamin D metabolism, all of which cause elevations in parathyroid hormone (PTH), and predispose to VC [8, 9] . Currently, the role of the FGF23 in the development of VC in the course of CKD is the focus of intense research, as serum FGF23 increases earlier than either phosphate or PTH and appears to mark a prolonged positive phosphate balance. Furthermore, in advanced CKD stages, as in the dialysis population, extremely high FGF23 levels associate with VC regardless of serum phosphate [10] [11] [12] . However, at earlier stages, conflicting reports exist as to whether high FGF23 but not serum phosphate [13] , or high phosphate but not FGF23, independently associate with VC [14] . In support for the latter, neutralization of FGF23 in a rat model of CKD improves associated hyperparathyroidism but increases VC and mortality [15] . However, in animals with normal renal function, increases in FGF23 may protect from soft tissue calcifications through phosphaturic and PTH suppressive actions, and also through a potent inhibition of renal calcitriol production, which in turn limits intestinal calcium and phosphate absorption [16, 17] . Furthermore, ex-vivo studies in human arteries and Vascular Smooth Muscle Cells (VSMC) have demonstrated anti-calcifying rather than pro-calcific actions of FGF23, provided there is sufficient arterial klotho for FGF23 actions [18] . Undoubtedly, the contradictory evidence on the role of high FGF23 on VC in CKD may result from the inability to discriminate between adaptive increases in serum FGF23 that translate into an adequate renal phosphaturic response from further elevations in FGF23 resulting from the failure of the damaged kidney to handle the phosphate load. Indeed, Dominguez et al. [19] have recently shown that in patients with cardiovascular disease but without CKD, the lower is the phosphaturic response of the kidney the higher is the association between serum FGF23 levels and adverse cardiovascular events. The high impact of VC on adverse cardiovascular events and mortality risk [20] led us to assess the influence of an abnormal renal handling of the phosphate/ FGF23 axis on abdominal aortic calcification (AAC) in CKD patients stages 3 and 4.
High serum FGF23 also induces cardiovascular disease through mechanisms unrelated to abnormal phosphate homeostasis [21] . Because high FGF23 correlates directly with total body atherosclerosis [22] , it is possible that high FGF23 enhancement of atheromatous disease progression may also contribute to VC. Indeed, in hemodialysis patients, atheromatous disease is also associated with arterial intima calcification [23] . Therefore, this work was designed to evaluate the relative impact of high serum FGF23 or of an impaired phosphaturic response to FGF23 on the severity of AAC in CKD patients stages 3 and 4.
Methods

Study design
Cross-sectional study that enrolled 205 patients CKD stages 3 and 4, according to K/DOQI guidelines [24] , from the Division of Nephrology and the UDETMA Unit at the Hospital Universitario Arnau de Vilanova (HUAV) in Lleida, Spain. Final sample size was 178, as 27 patients were excluded due to history of primary hyperparathyroidism, neoplasia, parathyroidectomy, renal transplantation, and osteoporosis treated with biphosphonates or calcitonin, or treated with steroids (n = 8); lack of carotid ultrasound evaluating atheromatous lesions (n = 18), and the one black patient among Caucasians. Protocols were approved by the committee for human studies at the HUAV. Informed consent was obtained from all participants.
Data collected include: age, gender, CKD etiology, presence of diabetes, hypertension, pulse pressure, smoking status and prior history of cardiovascular disease. Estimated glomerular filtration rates (eGFR) were calculated using the Modification of Diet in Renal Disease (MDRD) equation [25] . At the time of initiation of recruitment (January 2008), neither calcium-free phosphate binder nor paricalcitol were available. Therefore, treatment with calcium-containing phosphate binders (for serum phosphate > 4.5 mg/dl) and/or calcitriol (for serum PTH > 20 pmol/l in CKD stage 3, or >25 pmol/l in stage 4), was either avoided or minimized in patients with prior history of vascular or soft tissue calcification.
Laboratory data
Fasting venous blood samples and a 24 hour urine collection were obtained between 8-9 AM, to minimize daily circadian variations in serum phosphate levels. Routine tests included lipid profile, serum levels of glucose, albumin, C reactive protein (CRP), creatinine, phosphate, calcium, CaxP product, bone-specific alkaline phosphatase.
Selected parameters of mineral metabolism included: Serum levels of intact PTH (iPTH; by chemiluminescence immunoassay (Cobast®, Roche Diagnostics GmbH), 25-hydroxyvitamin D (25(OH)D) and 1,25-dihydroxyvitamin (calcitriol) by radioimmunoassay (Biosource®) and radioreceptor assay Gamma-B dihydroxyvitamin D, IDS Hybritec®, respectively. Vitamin D supplementation (400 IU/day) in vitamin D deficient patients eliminated seasonal differences in serum 25(OH)D in patients recruited during the winter (68.8%). Urinary calcium, sodium, and phosphate excretion in 24 h and their respective fractional excretions (FE) were measured. FEP = [Urinary P (mg/dl) × Serum Creatinine (mg/dl)] / [Serum P (mg/dl) × Urinary creatinine (mg/dl)] × 100. Protein intake was estimated using a standard formula, as previously described [26] .
Serum FGF23 and soluble α-Klotho were measured with Elisa kits for human C-Term FGF23 (Immutopics, Inc., San Clemente, CA) and for soluble α-Klotho (Immuno-Biological Laboratories Co., Ltd., Japan), following manufacturer's protocols with intra-and interassay coefficient of variation of 5%.
Measurements of abdominal aortic calcification and carotid atheromatous disease AAC measured by the Kauppila index (KI) [27] was obtained from lateral lumbar X rays, and evaluated independently by two highly experienced examiners. The inter-observer coefficient of variation was below 2%.
Carotid ultrasound (MicroMaxx, SonoSite with the linear transducer HFL38/13-6 MHz) measured the presence of carotid plaques (CP) and carotid intima-media thickness (IMT; semi-automated, FDA-approved software, Sono Calc IMT®), as previously described [28] . A scatterplot, with linear and nonparametric regression lines assessed the relationship between FEP/FGF23 in logarithmic scale (base 2) with the Kauppila index. The non parametric regression to delineate mean fitting was implemented as a local polynomial surface regression with a smoothing degree of 0.96. For dispersion from the mean fit, we used an estimate of the square root of the variance function, with separate smoothing of the squares of the positive and negative residuals from the mean fit. This analysis identified the ratio FEP/ FGF23 = 1/3.9 as a critical cutoff point further used in multivariate analysis. Multivariate linear regression and logistic regression analyses identified the variables that contributed significantly to either explain the variability in KI as a continuous variable, or to discriminate patients without AAC (KI = 0) or with severe AAC (KI > 5), respectively. The significance of interaction effects of KI tertiles on the relationship of FGF23, PTH or eGFR with FEP was assessed using Likelihood Ratio (LR) tests. The area under the ROC curve (AUC) assessed the discrimination capability of the logistic model and the Hosmer-Lemeshow goodness-of-fit tests measured model calibration. A zero-inflated regression model was used to simultaneously fit the high frequency of KI = 0 in our patient population with actual KI scores. Due to overdispersion, the Negative Binomial distribution was chosen over the Poisson distribution to fit KI scores. The explanatory variables chosen minimized residual deviance when comparing hierarchical models according to LR tests. Data were analyzed using the software: "Statistics for the Social Sciences" SPSS 11.0, and/or the free software R. For all tests, a p < 0.05 was considered statistically significant. Table 1 shows socio-demographical and clinical data in all patients and in the three subgroups defined by tertiles of KI. KI subgroups differed in gender, etiology of CKD, smoking status, previous history of cardiovascular disease (CHF specifically), presence of carotid plaques, severity of the atheromatous disease, and in the number of patients receiving treatment with anti-thrombotic and diuretic drugs at the time AAC was measured. KI subgroups also differed in age, pulse pressure, IMT, serum FGF23 levels, and CaxP product, but had similar serum creatinine, phosphate, calcium, PTH, estimated GFR, and daily protein/phosphate intake.
Statistical analysis
Results
In bivariate analysis, KI associated positively with age (r: 0.419; p < 0.001), pulse pressure (r: 0.209; p = 0.005); IMT (r: 0.320; p < 0.0001) and log FGF23 (r: 0.242; p = 0.001). Also, KI was higher at later stages of CKD (3 vs Multivariate regression analyses, using KI as a quantitative variable (Table 2) , identified which of the variables listed in Table 1 were independently associated to AAC in all patients (Model 1), or in patients with an estimated GFR below 30 ml/min (Model 2). The latter analysis was conducted to disregard effects on VC that could result from marked differences in renal function. Table 2 shows that age, male gender, CKD stage, presence of carotid plaques and the log of serum FGF23 associated positively with KI values, but FEP associated negatively. LR tests confirmed that neither markers of abnormal mineral metabolism (high serum P or PTH, or low vitamin D metabolites) nor any of the other variables tested or conditions predisposing to VC in individuals with normal renal function (smoking, diabetes, congestive heart failure) were independently associated with KI scores.
Because serum FGF23 and FEP increase in parallel with the progressive reductions in renal function in the course of CKD, the observed inverse association between FEP and KI suggested a role for resistance to FGF23 phosphaturic actions in the severity of AAC. Indeed, linear regression analyses between serum FGF23 and FEP as the dependent variable ( Figure 1A ), discriminating non-calcified patients (KI = 0) from those moderately (KI = 0-5) or severely (KI > 5) calcified, showed almost identical slopes for non-calcified (r = 0.28; p < 0.033) or moderately calcified patients (r = 0.43; p < 0.001). However, there was no correlation between FEP and serum FGF23 (r = 0.11; p = 0.44) in severely calcified patients, which supports that loss of FGF23 phosphaturic response is associated with severe AAC (KI > 5). Furthermore, high serum PTH and low GFR adversely affect VC and both are known contributors to high FEP in CKD patients. However, Figure 1B and C (left panels) show that there were no differences among KI groups either in the slopes for changes in FEP with increasing PTH ( Table 3 shows the expected increases in AAC, FEP and FGF23 in CKD stage 4 compared to stage 3. Next, in an attempt to identify a threshold for the degree of impairment in the phosphaturic response to FGF23 that associated with severe AAC, linear and non parametric plots examined the relationship between KI scores and FEP/FGF23 ratios. A logarithmic (base 2) transformation log 2 (FEP/FGF23) normalized the distribution of FEP/FGF23 ratios. Figure 2 shows a biphasic relationship between KI and the progressive reductions in the phosphaturic response to FGF23, as FEP/FGF23 ratios decrease from 1/1 to 1/32. Average KI values remained unchanged in the range of FEP/FGF23 ratios above 1/3.9 despite reductions in FEP/FGF23 ratios from 1/1 to 1/3.9. Instead, KI scores markedly increased in parallel with further reductions in FEP/FGF23 below the threshold 1/3.9. More importantly, Table 4 shows the results of logistic regression analyses conducted to identify factors that independently associate with severe AAC (KI > 5), which corroborated the significant independent association of age, CKD stage, male gender, and the presence of CP with severe AAC (KI > 5), and also with the log 2 (FEP/FGF23) < log 2 (1/3.9). Indeed, the odd ratios in these highly sensitive logistic models (Table 4 and the ROC curve in Figure 3 ) suggested that the presence of carotid plaques enhanced the chances of a patient to have a KI > 5 by 5 to 9-fold (Compare Model 1 and 2 in Table 3 ), and also, that in patients with FEP/FGF23 < 1/3.9 (serum FGF23 at least 3.9-fold higher than their respective FEP), the chances to have KI > 5 increased by a factor of 3. Accordingly, Figure 4 shows that patients with FEP/ FGF23 below 1/3.9, that is, with a worse phosphaturic response to FGF23, showed a much higher average KI than patients with a FEP/FGF23 ratio over 1/3.9. Renal resistance to the phosphaturic actions of FGF23 develops with the progressive reductions in renal klotho in the course of CKD [29] . However, serum klotho levels were similar regardless of KI tertiles (Kruskal test; p = 0.86) or CKD stage (Table 3) suggesting that serum soluble klotho may not be an adequate marker of the magnitude of renal klotho loss in CKD.
For further validation of the independent association of a FEP/FGF23 ratio below 1/3.9 with severe AAC we used a zero-inflated model, as 32% of our patients showed a KI = 0. Table 5 shows that only log 2 (FEP/FGF23) < log 2 (1/3.9) was associated directly The ratio FEP/FGF23 was introduced as a binary variable with a cutoff point of (FEP/FGF23) < (1/3.9) (or equivalently, log 2 (FEP/FGF23) < log 2 (1/3.9)). The ROC curve in Figure 2 shows the high sensitivity and specificity of the logistic regression analysis in Model 1 (Area under the ROC curve = 0.89 and good model calibration, as measured by Hosmer-Lemenshow goodness-of-fit test p = 0.95). For Model 2, the area under the ROC curve = 0.899 and HL test p = 0.55.
and significantly with higher KI scores in both models. Instead, age, CKD stage, male gender and carotid plaques, but not log 2 (FEP/FGF23) < log 2 (1/3.9) associated negatively with KI = 0. These results suggest that the progressive deterioration of the capacity of the kidney to respond to FGF23 increasing FEP may only associate with the severity of already ongoing AAC.
Discussion
The results of this cross-sectional study enhance our current understanding on the key issue of the impact of renal resistance to FGF23 on critical outcomes in CKD, specifically, on the severity of AAC. To our knowledge, this is the first study to present evidence of the association between renal resistance to the phosphaturic actions of FGF23, but not to PTH-driven phosphaturia, and the degree of AAC in patients CKD-stages 3 and 4. Indeed, analysis of the relationship between KI scores and FEP/FGF23 ratios in these patients identified a FEP/ FGF23 ratio, which marks a critical point for the impairment in the renal response to FGF23 phosphaturic actions that associates with a 3-fold enhancement of the risk of severe AAC. Our analysis of the relationship of abnormalities in the phosphate/FGF23 axis with VC in CKD stages 3 and 4 supports a prior report [10] showing that high FGF23 but not high phosphate was independently associated with VC, and contradicts the recent report by the CRIC consortium in which neither serum FGF23 nor FEP were significantly associated to calcification of either the coronary artery or the thoracic aorta [14] . It is important to highlight that in the CRIC study, measurements of serum phosphate, FGF23 and FEP were obtained within a year prior to obtaining coronary and aortic calcification scores. In our study, a key role for an impaired phosphaturic response to FGF23 in AAC was first suggested by the finding that increases in FEP associated negatively with AAC in multivariate analysis, independently of the CKD stage.
To evaluate VC, we measured abdominal aortic calcification (AAC) with the semiquantitative but cost/effective Kauppila Index (KI). KI strongly correlates with coronary calcium scores from computer beam tomography [30] and reflects arterial stiffness better than coronary calcium scores [31] [32] [33] . Also, a KI > 5 can be considered as severe AAC because it was shown to increase by a factor of 3.7 the risk of adverse cardiovascular events in a large cohort of prevalent dialysis patients [34] . The accuracy of FEP measurements can also be questioned, as urinary phosphate excretion depends upon several factors, including not only the integrity of glomerular and tubular renal function, but also dietary phosphate intake (mainly in proteins), serum levels of the phosphaturic hormones FGF23 and PTH, and renal content of Klotho, the co-receptor required for FGF23 actions [35] . However, there were no differences in estimated GFR, serum PTH, or in protein intake, an estimation of P intake [36] when patients were categorized by their KI. Furthermore, FEP not only increases in response to FGF23, but also to PTH, or to decreases in eGFR. However, the slopes of the linear regression analysis of FEP with PTH or eGFR were similar among KI groups in the whole population, and also in patients with eGFR below 30 ml/min. This demonstrated an intact renal response to PTH phosphaturic actions and the expected increases in FEP with the worsening of renal function. Instead, FEP and FGF23 increased in parallel only in the non-calcified and moderately calcified patients. No increases in FEP occurred with major increases in serum FGF23 in severely calcified patients, supporting the negative association between FEP with AAC identified in the multivariate analysis. LR tests confirmed the results of the linear regression analysis. Only the slopes for FEP with increases in FGF23 were affected by the highest KI levels. Neither the slopes of the associations between FEP with PTH nor those of FEP with eGFR showed significant interactions with KI values. Although the phosphaturic response to PTH and FGF23 involves identical sodium-phosphate co-transporters in renal proximal tubular cells, the mechanisms of actions of these potent phosphaturic hormones are quite different. While PTH, through its receptor 1 and a cAMP mediated mechanism, modulates the endocytosis of the NaPi IIa cotransporters to prevent P reabsorption [37] , FGF23 requires the co-receptor klotho to activate the FGFR to reduce renal content of NaPiII channels [29] . The progressive decreases in klotho in the course of CKD partly account for the renal resistance to FGF23. Thus, our findings demonstrating that FEP increases in parallel with the increases in serum PTH regardless of KI but not with the increases in FGF23 underscore our hypothesis of a role for renal resistance to FGF23 in the severity of AAC. Our results of unchanged soluble serum klotho with progressive increases in the resistance to FGF23 phosphaturic actions support previous reports suggesting that soluble serum klotho is not an accurate marker of renal klotho loss. It is likely that urinary klotho represents a better indicator of renal klotho loss, as demonstrated by Akimoto et al. [38] and supported by the new understanding of renal klotho cleavage and actions [29] .
The multivariate analysis also has limitations: Its determination coefficients indicate that these models explain only 28% of the variability in KI. Also, KI values were 0 in a third of patients. However, highly sensitive logistic regression analysis confirmed the key role of impaired phosphaturic response to FGF23 in AAC, as in patients with FEP/FGF23 ratios below 1/3.9 the chances to develop severe AAC increased by 3 to 4-fold. Importantly, zero-inflated and binomial models have corroborated the accuracy of our logistic model in identifying variables associated with severe AAC in CKD patients, including the new threshold of FEP/FGF23 ratios below 1/3.9, which strongly associated to a higher risk for severe AAC. Indeed, KI scores did not change with progressive reductions in the renal response to FGF23 phosphaturic actions before reaching an almost 4-fold elevation in FGF23 without changes in FEP, but markedly increased in parallel with further reductions in the phosphaturic response to FGF23 as measured by FEP/FGF23 ratios below 1/3.9.
Our results are in agreement with a very recent report by Dominguez et al., demonstrating that the association between FGF23 levels and adverse cardiovascular outcomes was modified by FEP values. In models adjusted for CVD risk factors, kidney function, and PTH, those patients who had FGF23 above the median but FEP below the median had the highest risks of both all-cause mortality and CVD events [19] . In summary, the results of this cross-sectional study suggest that the evaluation of FGF23 levels in CKD patients should be accompanied by the assessment of the capacity of the damaged kidney to induce an adequate phosphaturic response. However, prospective studies are necessary to validate this cut-off of FEP/FGF23 = 1/3.9 as a predictive marker of the degree of renal resistance to FGF23 phosphaturic actions which, if surpassed, will markedly enhance the chances of severe AAC.
Also, as proven for hemodialysis patients [23] , atheromatosis is a risk factor for AAC in non dialyzed CKD patients. The logistic analyses showed that in patients with carotid plaques the chances of severe AAC increased by 5 to 9-fold, while the zero-inflated model corroborated the negative association between age, male gender, CKD stage, and also of carotid plaques with the number of patients with KI = 0. Undoubtedly, proper patient management to attenuate the onset and/or progression of VC in early CKD should rightly focus on the prevention/treatment of co-morbid conditions predisposing to atheromatosis.
